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SCAN LINE TO SCAN LINE FEEDFORWARD
IN AN AUTOFOCUS SYSTEM OF AN
IMAGING SYSTEM

FIELD OF THE INVENTION

The present invention 1s 1n the field of 1maging systems.
More particularly, the present 1invention provides an auto-

focus system for an imaging system that incorporates a
feedforward signal to increase the effective tracking band-
width of the autofocus system.

BACKGROUND OF THE INVENTION

In external drum i1maging systems, a movable optical
carriage 1s used to displace an 1image exposing or recording
source 1 a slow scan direction while a cylindrical drum
supporting recording material on an external surface thereot
1s rotated with respect to the 1mage exposing source. The
drum rotation causes the recording material to advance past
the exposing source along a direction that 1s substantially
perpendicular to the slow scan direction. The recording
material 1s therefore advanced past the exposing source by
the rotating drum 1n a fast scan direction.

An 1mage exposing source may include an optical system
for scanning one or more exposing or recording beams. Each
recording beam may be separately modulated according to a
digital information signal representing data corresponding to
the 1mage to be recorded.

The recording media to be 1maged by an external drum
imaging system 1s commonly supplied 1n discrete sheets and
may comprise a plurality of plates, hereinafter collectively
referred to as “plates” or “printing plates.” Each plate may
comprise one or more layers supported by a support
substrate, which for many printing plates 1s a plano-graphic
aluminum sheet or a polyester substrate. Other layers may
include one or more image recording (i.e., “imageable”)
layers such as a photosensitive, radiation sensitive, or ther-
mally sensitive layer, or other chemically or physically
alterable layers. Printing plates are available n a wide
variety of sizes, typically ranging, e.g., from 9"x12", or
smaller, to 58"x80", or larger.

During high-resolution imaging, each recording beam 1s
ogenerally tightly focused to produce a small spot having a
predefined spot size at the image plane (e.g., the 1imageable
layer of the recording media supported on an external drum).
Because of the smallness of the spot at the image plane, the
spot profile changes very rapidly away from this plane. This
causes a rapid change 1n the spot size and/or energy density,
potentially causing a degradation of the quality of the
recorded 1mage with slight defocussing. The spot profile can
be adversely affected by a large number of factors, such as
variations in the finish of the drum surface (drum runout)
and media distortion (e.g., thickness variations in the
media). To compensate for these factors, autofocus systems
are commonly incorporated into high-resolution 1maging
systems.

In external drum 1maging systems in which the drum 1s
rotated at a relatively low speed, currently available auto-
focus systems are capable of adequately maintaining the
recording beam(s) in focus. In external drum imaging sys-
tems 1n which the drum 1s rotated at a high speed, and/or
when using recording media with local distortion, however,
an autofocus system with a high tracking bandwidth 1s
required. Unfortunately, mechanical resonances within the
imaging system impose a limit on the tracking bandwidth
and, consequently, 1mage quality suffers.
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A need therefore exists for an autofocus system that 1s
capable of providing a high effective tracking bandwidth
required by high speed external drum i1maging systems.

SUMMARY OF THE INVENTION

The present mnvention provides an autofocus apparatus
and method with improved effective tracking bandwidth that
utilizes a control loop with scan line to scan line feedforward
of a motor command.

Generally, the present mvention provides an apparatus,
comprising;

an autofocus system for automatically focusing each of a
plurality of scan lines produced by an 1imaging system
on a supply of recording material, the autofocus system
including a control loop with scan line to scan line
feedforward of a motor command waveform.

The present invention additionally provides an autofocus

system, comprising:

a focus detector for determining a focus error of a current
scan line being 1maged on a supply of recording media
by an 1maging system, and for generating a motor
command waveform corresponding to the focus error;

an adder for adding the final motor command waveform
of the previous imaged scan line to the motor command
waveform of the current scan line to generate a final
motor command waveform for the current scan line;
and

a motor for controlling the 1maging system to focus the
current scan line on the recording media in response to
the final motor command waveform of the current scan
line.

The present invention also provides an autofocus method,

comprising:

imaging a scan line on a supply of recording media;

determining a focus error of the scan line using positional
information (e.g., final motor command information as
a function of position) from a focus correction for a
previously imaged scan line; and

focusing the scan line on the recording media based on the
focus error.

The present invention further provides an 1maging
system, comprising;:
a supply of recording media;

a media support surface for supporting the recording
media during 1maging;

a scanning system for imaging a plurality of scan lines on
the recording media; and

an autofocus system, coupled to the scanning system, for
automatically focusing each of the scan lines on the
recording media, wherein the autofocus system

includes a control loop with scan line to scan line
feedforward of a motor command waveform.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of the present invention will best be under-
stood from a detailed description of the invention and
embodiments thereof selected for the purpose of illustration
and shown 1n the accompanying drawings in which:

FIG. 1 illustrates an external drum i1maging system for
recording 1mages onto a supply of recording media such as
a printing plate;

FIG. 2 illustrates an example of an i1maging system

including a movable optical carriage and scanning system
with autofocus, usable in the external drum 1maging system

of FIG. 1;
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FIG. 3 illustrates the autofocus system of FIG. 2 1n greater
detail;

FIG. 4 1llustrates an autofocus control loop of the related
art;

FIG. 5 1illustrates an autofocus control loop with scan line
to scan line feedforward in accordance with the present
mvention;

FIG. 6 1s a mathematical representation of the autofocus
control loop of FIG. 5;

FIG. 7 1s a polar plot related to the mathematical repre-
sentation of FIG. 6; and

FIG. 8 1s a typical plot of the magnitude of G,G, with
frequency.

DETAILED DESCRIPTION OF THE
INVENTION

The features of the present invention are illustrated in
detail in the accompanying drawings, wherein like reference
numerals refer to like elements throughout the drawings.
Although the drawings are intended to illustrate the present
invention, the drawings are not necessarily drawn to scale.

An example of an external drum imaging system 10 1s
illustrated in FIG. 1. In this example, the 1maging system 10
comprises an external drum platesetter configured to record
digital data onto a printing plate. Although described below
with regard to an external drum platesetter, the autofocus
method and apparatus of the present invention may be used
in conjunction with a wide variety of other types of external
drum, internal drum, or flatbed 1maging systems, mncluding
imagesetters and the like, without departing from the
intended scope of the present invention.

The 1maging system 10 generally includes a front end
computer or workstation 12 for the design, layout, editing,
and/or processing of digital files representing pages to be
printed, a raster image processor (RIP) 14 for further pro-
cessing the digital pages to provide rasterized page data
(c.g., rasterized digital files) for driving an image recorder,
or engine, such as an external drum platesetter 16, for
recording the rasterized digital files onto a printing plate or
other type of recording media. The external drum platesetter
16 records the digital data (i.e., “job”) provided by the RIP
14 onto a supply of photosensitive, radiation sensitive,
thermally sensitive, or other type of suitable printing plate
18. The printing plate 18 may be manually loaded, or
provided (e.g., in a cassette) and loaded onto the external
drum platesetter 16 by a media supply or autoloading system
60. The media supply system 60 may accept a plurality of
the same size printing plates 18, and/or may accept a
plurality of different size printing plates 18.

The external drum platesetter 16 i1ncludes an external
drum 20 having a cylindrical media support surface 22 for
supporting the printing plate 18 during imaging. The exter-
nal drum platesetter 16 further includes a scanning system
24, coupled to a movable carriage 26, for recording digital
data onto the 1maging surface 21 of the printing plate 18
using a single or multiple 1maging beams 28. An example of
a scanning system 24 1s illustrated in FIG. 2. In particular,
the scanning system 24 1s displaced by the movable carriage
26 1n a slow scan axial direction (directional arrow A) along
the length of the rotating external drum 20 to expose the
printing plate 18 1n a line-wise manner when a single beam
1s used or 1n a section-wise manner for multiple beams.

Three adjacent scan lines are represented 1n FIG. 2 as S1, S2,
and S3.

The external drum 20 1s rotated by a drive system 36 in
a clockwise or counterclockwise direction as indicated by
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directional arrow B 1 FIG. 1. The printing plate 18 1is
imaged while the drum 1s rotated by the drive system 36.

As further illustrated in FIG. 2, the scanning system 24
includes a system 30 for generating the 1maging beam or
beams 28. The system 30 comprises a light or radiation
source 32 for producing the imaging beam or beams 28
(1llustrated for simplicity as a single beam), and an optical
system 34 with autofocus system 36 for focusing the 1mag-
ing beam or beams 28 onto the printing plate 18.

In the external drum imaging system 10 shown 1n FIG. 1,
the leading edge 38 of the printing plate 18 1s held 1n position
agaimst the media support surface 22 by a leading edge
clamping mechanism 40. Similarly, the trailing edge 42 of
the printing plate 18 1s held 1n position against the media
support surface 22 by a trailing edge clamping mechanism
44. Alternately, or 1n addition, a vacuum source 46 may be
used to draw a vacuum through an arrangement of ports and
vacuum grooves 48 (see, e.g., FIG. 2) formed in the media
support surface 22 to hold the printing plate 18 against the
media support surface 22. A registration system, comprising,
for example, a set of registration pins or stops on the external
drum 20, and a plate edge detection system, may be used to
accurately and repeatably position and locate the printing
plate 18 on the external drum 20.

The autofocus system 36 1s 1llustrated 1n greater detail 1n
FIG. 3. The autofocus system 36 generally comprises a focus
detector 50 of a type known 1n the art for determining
whether the 1maging surface 21 of the printing plate 18 1s in
focus, too close, or too far away from the scanning system
24. A motor 52 (e.g., a linear motor) is commonly utilized to
compensate for the focus error of the 1maging beam 28
determined by the focus detector S0 by displacing or oth-
erwise adjusting one or more components of the scanning
system 24 in response to a command signal (e.g., a motor
current or voltage command) provided by the focus detector
50. As indicated by directional arrow 54 1 FIG. 3, for
example, one or more optical components of optical system
56 of the scanning system 24 may be displaced by the motor
52 1n a manner known 1n the art to bring the 1maging beam
28 back 1mnto focus at the 1imaging surface 21 of the printing
plate 18.

An autofocus control loop 60 of the related art 1s 1llus-
trated 1n FIG. 4, and 1s described with regard to the auto-
focus system of FIG. 3, wherein 1t 1s assumed that the optics
56 of the scanning system 24 are displaced by the motor 52
to maintain focus. In the autofocus control loop 60, the focus
detector 50 determines the amount of focus error in the
imaging system by subtracting 62 the current position of the
imaging surface 21 of the printing plate 18 from the current
focus position of the 1imaging optics 56. The focus error 1s
subsequently provided to the motor 52 by the focus detector
50 1n the form of a motor current command. Upon receipt of
the motor current command, the motor 52 adjusts, based on
the motor current command, the position of the optics 56
relative to the 1imaging surface 21 of the printing plate 18, to
compensate for the focus error and to bring the 1maging
system back into focus. This process 1s repeated from scan
line to scan line. Unfortunately, mechanical resonances
within the 1maging system impose a limit on the tracking
bandwidth of this type of autofocus system.

In order to overcome the deficiencies of the related art,
and provide the high effective tracking bandwidth required
by high speed external drum imaging systems, the autofocus
system of the present invention utilizes an autofocus control
loop with scan line to scan line feedforward. Such an
autofocus control loop 70 1s 1llustrated 1in FIG. §. Again, the
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autofocus control loop 70 1s described with regard to the
autofocus system of FIG. 3, wherein 1t 1s assumed that the
optics 56 of the scanning system 24 are displaced by the
motor 52 to maintain focus.

In the autofocus control loop 70 of the present invention,
the tracking bandwidth loss due to mechanical resonances 1s
restored by feeding the previous scan line motor current
command waveform forward into the control loop while
tracking the focus of the current scan line. This 1s possible
because the required motor current to ensure perfect focus
changes little from scan line to scan line due to small media
deviation along the drum axis. In this way, the autofocus
control loop 70 has to correct only for the difference between
the required motor current for the present scan line and the
motor current from the previous scan line, as opposed to
supplying the entire motor current for the present scan line.
In particular, referring to FIG. §, the stored final motor
current command waveform of the previous scan line 1s
added 72 (i.e., fed forward as a command) to the motor
current command waveform of the scan line currently being
tracked to produce a final motor current command wave-
form. The final motor current command waveform 1s stored
using known techniques for use with the next scan line to be
tracked, and the current focus position of the 1maging optics
56, as set by the final motor current command waveform, 1s
fed back and subtracted 62 from the current position of the
imaging surface 21 of the printing plate. Since the motor
current commands from one scan line to the next are
substantially 1dentical to each other, the tracking error of the
autofocus control loop 70 1s significantly reduced.

A mathematical analysis of the autofocus control loop 70
of FIG. 5 1s detailed below with reference to FIGS. 6 and 7.

As will become evident from the following discussion, the
stored final motor current command waveform of the pre-
vious scan line may have to be filtered by optional filter 74
prior to bemng added 72 to the motor current command
waveform of the scan line currently being tracked.

In FIG. 6, the variables represent the following (see FIG.
5):

¢. =Surface Position

e,=Focus Position

¢ _=bFocus Error

¢,=Stored Final Motor Current Command Waveform of the
previous scan line

¢,=Final Motor Current Command Waveform of the present
scan line

G,=Transfer Function of Focus Detector S0

G,=Transfer Function of Motor 52
H=Transter Function of Filter 74

Therefore, 1n the autofocus control loop 70 of FIG. 6:
€.=€;,—€s
e=e, —|e .G +e H|G,
e|1+G G5 |=e;,,—HG e,

1
- 1+GlG2

e, (ein — HGrey)

where G, G, 1s the open loop gain of the control loop.
For the first scan line we have:

e,=0:
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and:

1
- 1-|—'GIGYQEJ{M

€e

&
€in
1 + GGy

er = Gre, + Hey =

Thus, the error i1s reduced by approximately the first
power of the loop gain for frequencies below the unity open
loop gain frequency.

For the second scan line we have:

&
1 + GGy Cin

€1 :kE:'z =K

where k accounts for component tolerances and:

B 1 (1 kHG, G5 ]_ 1+ (1 —-kH)G, G,
Ce = 1+ GGy Cin

- — €in
1+ GG, (1+G,Gy)*
(5 1+(1—kH)G1G2
er = Gre, + Hey = €in +AkH | =
1+ GGy 1+ GGy
Gy (l-l—kH-l—Gle] G 1+kH+GlG2]
€in — €in
1+GIGQ 1+GlG2 : (l-I-Gle)z
fork=0o0or H=0: :
ork=0o0or H=0: EE_l+G1G2€m

1

fork=1land H=1: e, = €in
(1+G1Gr)*

Thus, the error 1s reduced by approximately the square of
the loop gain for frequencies below the unity open loop gain
frequency.

For the third scan line we have:

l+&kH + GGy
e1 = ker = k(4 ]E:'n

(1 + G1G,)*

and :

f(HGl G2(1 +kH + G Gz)]

|
e — in 1 —
¢ 1+G1G2€ [ (1+G1€2)2

1 1 + QGl Gz + (Gl Gz)z — kH(l + kH)Gl Gz —kH(Gl Gz)z
€in =
1+ Gl Gz (1 + Gl Gg)z

1+ (2 —kH —k*H*)G{G> + (1 — kHN(G{ G, )*
€in
(1 + G1Gy)?

|
- 1 + GGy Cin

|
£ =
(1 +G1G,)?

fork=0or H=0: e,

fork=1and H=1: Ein

For k=1 and H=1, the error i1s reduced by approximately
the cube of the loop gain for frequencies below the unity
open loop gain frequency.

Similarly it can be shown for the n” scan line and for k=1
and H=1, that the focus error i1s equal to:

1
1+ G Gyy ™

For k=1 and H=1, at frequencies 1n the vicinity of the
unity open loop gain frequency, [1+G,G,| may be less than
one as shown 1n the polar plot of 1+G, G, 1llustrated 1n FIG.
7, and therefore e_ will increase from scan line to scan line
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without limit. Therefore, at these frequencies, H must be
made sufficiently close to zero. H should take the form of a
notch filter, centered in the vicinity of the open loop unity
gain frequency. In order to prevent the same at frequencies
beyond the unity open loop gain frequency, H should take
the form of a notch filter in tandem with a low pass filter.
Alternatively, G,G, could be modified such that [1+G,G,| is
larger than one over the entire frequency range of O to
infinity.

The increase 1n the focus error reduction using an auto-
focus loop with scan line to scan line feedforward as
compared to using an autofocus loop without scan line to
scan line feedforward 1s equal to:

|

€in
1 + GG
1

1+G Gy

=(1 +G,Gy)"*

The following 1s an example of the numerical improve-
ment 1 focus error reduction with scan line to scan line
feedforward:

Using a typical plot of the magnitude of G,G, with
frequency, as shown 1n FIG. 8, for frequency components of
2 1 , where f 18 the unity open loop gain frequency of the
auto focus loop (also commonly known as the system
bandwidth), the focus error reduction improvement for the
4" scan line is equal to:

(1+G, G "=(1+2)* =27

which 1s significant. Without scan line to scan line feedfor-
ward the reduction 1n focus error for frequency components
at ¥2 1 1s approximately equal to 2. With scan line to scan
line feedforward this number increases to 54.

The foregoing description of the present invention has
been presented for purposes of illustration and description.
It 1s not intended to be exhaustive or to limit the mmvention
to the precise form disclosed, and many modifications and
variations are possible 1n light of the above teaching. For
example, the final motor command waveform of the previ-
ous scan line could be added to the motor command wave-
form of the present scan line displaced 1n time relative to the
once per revolution index of the drum. Such modifications
and variations that may be apparent to a person skilled 1n the
art are 1ntended to be included within the scope of this
invention.

I claim:

1. An apparatus, comprising:

an autofocus system for automatically focusing each of a
plurality of scan lines produced by an imaging system
on a supply of recording material, the autofocus system
including:

a control loop with scan line to scan line feedforward
of a motor command waveform, wherein the auto-
focus system adds a final motor command waveform
of a previous scan line to a motor command wave-
form of a current scan line to produce a final motor
command waveform for the current scan line; and

a motor for controlling the imaging system to focus
cach of the plurality of scan lines on the recording
material, wherein the motor focuses the current scan
line on the recording media 1n response to the final
motor command waveform of the current scan line;

wherein the autofocus system determines a focus error
of the current scan line by subftracting a focus
position of the 1maging system, as set by the motor
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in response to the final motor command waveform of
the previous scan line, from a surface position of the
recording media for the current scan line.

2. The apparatus of claim 1, further including a filter for
filtering the final motor command waveform of the previous
scan line prior to feeding the final motor command wave-
form of the previous scan line forward into the control loop.

3. The apparatus of claim 2, wherein the filter 1s selected
from the group consisting of a notch filter and a notch filter
in tandem with a low pass filter.

4. The apparatus of claim 1, wherein the 1maging system
includes a rotatable external drum for supporting the record-
ing media during imaging.

5. An autofocus system, comprising:

a focus detector for determining a focus error of a current
scan line being imaged on a supply of recording media
by an 1maging system, and for generating a motor
command waveform corresponding to the focus error;

an adder for adding a final motor command waveform of
a previously 1imaged scan line to the motor command
waveform of the current scan line to generate a final
motor command waveform for the current scan line;
and

a motor for controlling the 1maging system to focus the
current scan line on the recording media 1n response to
the final motor command waveform of the current scan
line;

wherein the focus error of the current scan line 1s deter-
mined by the focus detector by subtracting positional
information of the imaging system, as set by the final
motor command waveform of the previously imaged
scan line, from a surface position of the recording
media for the current scan line.

6. The autofocus system of claim 5, further including a
filter for filtering the final motor command waveform of the
previously imaged scan line prior to adding the final motor
command waveform of the previously 1imaged scan line to
the motor command waveform of the current scan line.

7. An autofocus method, comprising:

imaging a current scan line on a supply of recording
media using an 1maging system;

determining a focus error of the current scan line by
subtracting positional information of the 1maging
system, as set by a final motor command waveform of
a previously 1imaged scan line, from a surface position
of the recording media for the current scan line; and

focusing the current scan line on the recording media

based on the focus error by:

generating a motor command waveform corresponding,
to the focus error;

adding the final motor command waveform of the
previously imaged scan line to the motor command
waveform of the current scan line to generate a final
motor command waveform for the current scan line;
and

controlling the 1maging system to focus the current
scan line on the recording media 1n response to the
final motor command waveform of the current scan
line.

8. The autofocus method of claim 7, further including,
prior to the adding step, filtering the final motor command
waveform of the previously 1imaged scan line.

9. An 1maging system, comprising;:

a supply of recording media;

a media support surface for supporting the recording

media during 1maging;
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a scanning system for 1maging a plurality of scan lines on
the recording media; and

an autofocus system, coupled to the scanning system, for
automatically focusing each of the scan lines on the
recording media, wherein the autofocus system
includes a control loop with scan line to scan line
feedforward of a motor command waveform, the auto-
focus system 1ncluding;:

a focus detector for determining a focus error of a
current scan line being 1maged on the recording
media by the scanning system, and for generating a
motor command wavelorm corresponding to the
focus error, wherein the focus error of the current
scan line 1s determined by subtracting positional
information of the scanning system, as set by a final
motor command waveform of a previously imaged
scan line, from a surface position of the recording
media for the current scan line;

an adder for adding the final motor command wave-
form of the previously 1maged scan line to the motor
command waveform of the current scan line to
generate a final motor command waveform for the
current scan line; and

a motor for controlling the scanning system to focus the

current scan line on the recording media 1n response
to the final motor command waveform of the current

scan line.
10. The imaging system of claim 9, wherein the media

support surface comprises a rotatable external drum.

11. An apparatus, comprising:

an autofocus system for automatically focusing each of a
plurality of scan lines produced by an imaging system
on a supply of recording material, the autofocus system
including:

a control loop with scan line to scan line feedforward
of a motor command waveform, wherein the auto-
focus system 1s configured to feed a final motor
command waveform of a previous scan line forward
into the control loop while tracking the focus of a
current scan line; and

a filter for filtering the final motor command waveform
of the previous scan line prior to feeding the final
motor command waveform of the previous scan line
forward 1nto the control loop.

12. The apparatus of claim 11, wheremn the filter is

selected from the group consisting of a notch filter and a
notch filter in tandem with a low pass filter.

13. An autofocus system, comprising:

a focus detector for determining a focus error of a current
scan line being 1maged on a supply of recording media
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by an 1imaging system, and for generating a motor
command waveform corresponding to the focus error;

an adder for adding a final motor command waveform of
a previously 1imaged scan line to the motor command

waveform of the current scan line to generate a final
motor command waveform for the current scan line;

a motor for controlling the 1maging system to focus the
current scan line on the recording media in response to
the final motor command waveform of the current scan
line; and

a filter for filtering the final motor command waveform of
the previously imaged scan line prior to adding the final
motor command waveform of the previously imaged
scan line to the motor command waveform of the
current scan line.

14. The autofocus system of claim 13, wherein the filter

1s selected from the group consisting of a notch filter and a
notch filter in tandem with a low pass filter.

15. An autofocus method, comprising:

imaging a scan line on a supply of recording media;

determining a focus error of the scan line using positional
information from a focus correction for a previously
imaged scan line; and

focusing the scan line on the recording media based on the
focus error, wherein focusing the scan line comprises:
generating a motor command waveform corresponding
to the focus error;
filtering the final motor command waveform of the
previously 1imaged scan line;
adding a final motor command waveform of the pre-
viously 1maged scan line to the motor command
waveform of the current scan line to generate a final
motor command waveform for the current scan line;
and
controlling the imaging to focus the current scan line on
the recording media 1n response to the final motor
command waveform of the current scan line.
16. The autofocus method of claim 15, wherein filtering
the final motor command further comprises:

filtering the final motor command using a filter selected
from the group consisting of a notch filter and a notch
filter in tandem with a low pass filter.

17. The 1imaging system of claim 9, further including a
filter for filtering the final motor command waveform of the
previously imaged scan line prior to adding the final motor
command waveform of the previously 1imaged scan line to
the motor command waveform of the current scan line.
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